Reactive oxygen species produced in cells during normal aerobic metabolism have the ability to induce lipid peroxidation and protein oxidation; therefore, their detoxification and elimination are necessary for physiologic cellular activity and survival. The changes in neuronal antioxidant enzymes from fetal life to adulthood have not been fully described. We investigated protein expression, using Western blot analysis, and enzymatic activity of the antioxidant system-copper-zinc superoxide dismutase (SOD), manganese SOD, catalase, and glutathione peroxidase, as well as reduced glutathione level as an indicator of the nonenzymatic system-in CD1 murine brain at embryonic d 18 (E18), and postnatal d 1 (P1), d 4, d 7, d 14, and d 21. Copper-zinc SOD and glutathione peroxidase protein levels were low, whereas manganese SOD and catalase protein levels were high at E18 and P1. Total SOD activity was high at E18 and P1 and paralleled elevated manganese SOD activity; however, copper-zinc SOD activity was relatively unchanged throughout development. Catalase activity doubled and glutathione peroxidase activity tripled between E18 and P1. Reduced glutathione increased between E18 and P1. Except for catalase and manganese SOD, peak protein levels do not occur until later developmental ages. We suggest that as the fetus moves from an in utero hypoxic to a relatively hyperoxic environment with an approximate 4-fold elevation in oxygen concentration, these developmental changes in antioxidant enzymes are compensatory mechanisms aimed at protecting the newborn from oxidative stress. These data will be important in our future understanding of the mechanisms by which hypoxia mediates injury in the immature and the mature brain. ROS are continuously produced in mammalian cells during normal aerobic metabolism, and represent a class of biologically generated species that threaten neuronal survival by their ability to induce lipid peroxidation, protein oxidation, and DNA damage (1-3). These free radicals are processed by a highly complex and integrated antioxidant defense system that is composed of the enzymes CuZnSOD, MnSOD, catalase, GPx, and glutathione reductase, as well as nonenzymatic substances such as vitamins A, C, and E and low molecular weight molecules including reduced GSH. The SODs constitute the first line of defense against the deleterious effects of ROS.
ROS are continuously produced in mammalian cells during normal aerobic metabolism, and represent a class of biologically generated species that threaten neuronal survival by their ability to induce lipid peroxidation, protein oxidation, and DNA damage (1) (2) (3) . These free radicals are processed by a highly complex and integrated antioxidant defense system that is composed of the enzymes CuZnSOD, MnSOD, catalase, GPx, and glutathione reductase, as well as nonenzymatic substances such as vitamins A, C, and E and low molecular weight molecules including reduced GSH. The SODs constitute the first line of defense against the deleterious effects of ROS.
CuZnSOD is a key cytosolic enzyme, whereas MnSOD is present in high concentration in the mitochondria. Under physiologic conditions, the mitochondria are the most important source of the superoxide radical (4) . Mitochondrial MnSOD, therefore, plays a significant protective role in neurons at a major site of ROS production. SOD enzymatically scavenges superoxide, converting it to H 2 O 2 , which is subsequently catabolized to water by catalase, GPx, and GSH reductase. H 2 O 2 is constantly generated in cells, and the predominant biochemical source of H 2 O 2 in the brain appears to be through reactions catalyzed by SOD.
The detoxification of ROS is especially important for the brain because neurons have been shown to be particularly vulnerable to oxidative stress as a result of the limited ability of the neuronal GSH system to protect against increasing endogenous H 2 O 2 production (5). Reduced GSH, which acts as a substrate for GPx, is now known to play an important role in neuronal detoxification of ROS, thereby minimizing the effect of oxidative stress. A deficiency of reduced GSH contributes to cerebral mitochondrial damage and may continue to exacerbate the adverse effects caused by other cerebral insults, for example, hypoxia-ischemia or stroke (6, 7) .
The corresponding changes in protein levels and enzyme activities of the antioxidant defense system, from fetal life to adulthood, have not been fully described. Thus, we hypothesized that there is a physiologic mechanism by which the brain protects itself from the surge in oxygen concentration encountered after delivery, which results in an increase in oxidative metabolism and, of course, increased free radical generation.
METHODS
Animals. CD1 mice were purchased from Harlan Laboratories and housed in individual cages in a temperature controlled environment with a 12-h light-dark cycle with access to water and standard chow ad libitum. The care and use of animals followed the guidelines established by the National Institutes of Health and were approved by the Northwestern University Animal Care and Use Committee.
Sample collection. Timed-pregnant female mice were obtained at 16 d gestation, with the length of gestation in the mouse being approximately 20 d. E18 brains were obtained after maternal hysterectomy under i.p. pentobarbital sodium anesthesia. Two pooled E18 brains were used for each sample for protein analysis. For postnatal animals at 1, 4, 7, 14, and 21 d, individual whole brains were used from six different litters (n ϭ 6), and the same litters were used for all analyses. Brain tissue, including the cerebral cortex and cerebellum, removed from postnatal animals under i.p. pentobarbital sodium anesthesia were stored at Ϫ70°C for various analyses. P21 was used as the adult reference because at this age the mouse has fully developed reproductive capability with advanced brain development.
Western blot analysis. Twenty micrograms of brain homogenates were solubilized in Laemmli's buffer. Protein content was determined by Bradford's dye-binding assay (8) . The samples were then separated on 12% discontinuous SDSpolyacrylamide gel and transferred to a nitrocellulose filter at room temperature by electroblotting. Transferred filters were treated with Blotto solution [5% milk powder (wt/vol) in Tris-buffered saline (TBS)-Tween] for 2 h at room temperature and then incubated for 1-2 h at room temperature with an affinity-purified primary antibody to CuZnSOD, MnSOD, catalase, or GPx 4 at a dilution of 1:1000. The primary antigenantibody complex was identified with a secondary antibody, goat anti-rabbit IgG (Pierce). After incubation for 2 h at room temperature, the filters were extensively washed and exposed to enhanced chemiluminescence (ECL) Western blotting detection reagents at room temperature using the horseradish peroxidase-H 2 O 2 -catalyzed oxidation of luminol in alkaline conditions. After oxidation, the luminol is in an excited state, which then decays to ground state via a light-emitting pathway. The maximum light emission is at a wavelength of 428 nm. The filter was then placed in the Kodak imager to capture the bands, which were quantitated by densitometry performed using the KDS ID 3.01 program.
Estimation of reduced GSH levels. Reduced GSH level was measured as previously described by Anderson (9) . Tissue was perfused with 0.9% NaCl containing 0.16 U/mL heparin, then washed in ice-cold 0.9% NaCl. Tissue was minced in ice-cold 5% meta phosphoric acid (MPA) at 5% wt/vol and subsequently homogenized. The GSH assay kit (Calbiochem, San Diego, CA, U.S.A.) was used to determine GSH level. The homogenate was centrifuged at 3000 ϫ g for 10 min at 4°C. Sample containing 40 g of protein was adjusted to a total volume of 900 L with buffer and incubated at 25°C for 10 min in the dark with 800 L of 200 mM potassium phosphate, pH 7.8, containing 0.2 mM DTPA, and 0.025% LUBROL, followed by 50 L of 12 mM solution of chromogenic reagent in 0.2 N HCl, and finally 50 L of 30% NaOH. Final absorbance was measured at 400 nm for 30 s.
SOD spectrophotometric assay. Total SOD activity was measured using Oxis Biotech SOD-525 spectrophotometric assay. SODs are metalloenzymes that catalyze the dismutation of superoxide anion as follows:
Tissue was washed with 0.9% NaCl containing 0.16 U/mL heparin to remove red blood cells, followed by homogenization in buffer containing 1:1.55 KH 2 :Na 2 , pH 7.0. Sample containing 40 g of protein was added to buffer 2-amino-2-methyl-1,3-propanediol, 50 mM, containing 3.3 mM boric acid and 0.11 mM DTPA, pH 8.8, at 37°C for a final volume of 940 L. Thirty microliters of 1,4,6-trimethyl-2-vinylpyridinium trifluoromethanesulfonic acid, 33.3 mM, in 1 mM HCl was added, and the mixture was incubated at 37°C for 1 min. To this mixture was added 30 L of 5,6,6␣,11␤-tetrahydro-3,9,10-trihydroxybenzo[c]fluorine, 0.66 mM, in 32 mM HCl containing 0.5 mM DTPA and 2.5% ethanol. The final mixture was immediately transferred to a spectrophotometric cuvette, and the absorbance was measured at 525 nm for 30 s to give total SOD activity.
CuZnSOD activity was measured using ethanol-chloroform extraction, which inactivates MnSOD. The extraction reagent consisted of ethanol/chloroform 62.5/37.5 (vol/vol). Four hundred micrograms of cold extraction reagent was added to 250 L of sample and centrifuged at 3000 ϫ g at 4°C for 5 min. The upper aqueous layer was collected and subjected to protein estimation. Samples containing 40 g of protein were added to the above buffer and analyzed as described above. CuZnSOD absorbance was measured at 525 nm for 30 s.
MnSOD activity was calculated by subtracting CuZnSOD activity from total SOD activity Catalase assay. Catalase catalyzes the following reactions:
The enzymatic decomposition of H 2 O 2 is a first-order reaction that is always proportional to the peroxide concentration (10) . Tissue was prepared in assay buffer containing 1:1.55 KH 2 :Na 2 (pH 7.0). Each sample containing 40 g of protein was added to 1 mL of buffer and 1 mL of H 2 O 2 solution. Absorbance was measured at 260 nm at room temperature for 30 s.
GPx activity. Total GPx activity was measured using the method of Paglia and Valentine (11) . Whole brain was homogenized in Tris-HCl, pH 7.2, (vol 3:1). Homogenate was centrifuged at 3000 ϫ g for 10 min at 4°C. Supernatant was removed and further centrifuged at 12,000 ϫ g for 15 min at 4°C. Samples containing 40 g of protein were added to the assay buffer consisting of 100 mM Tris-HCl, pH 7.2, 3 mM EDTA, 1 mM sodium azide (Sigma Chemical Co, St. Louis, MO, U.S.A.), 1.2 mM cumene hydroperoxide, 0.5 mM NADPH, 1 unit GSH reductase (Sigma Chemical Co) in a final volume of 1 mL. The rate of NADPH oxidation was measured spectrophotometrically at 340 nm. Selenium-dependent GPx activity was measured using a similar technique, using 0.25 mM H 2 O 2 instead of cumene hydroperoxide in the assay buffer. Nonselenium-dependent GPx activity was calculated by subtracting the value for selenium-dependent GPx activity from total GPx activity.
Data analysis. All data are shown as mean ϩ SEM. Oneway ANOVA was used to determine the presence of differences, and intergroup differences were validated by the Newman-Keuls test. Table 1 provides the brain weights at the different ages examined, and as expected, an age-dependent increase is noted. Quantitation of CuZnSOD and MnSOD protein levels in brain homogenates from developmental ages E18, P1, P4, P7, P14, and P21 for CuZnSOD and MnSOD is shown in Figures 1A and 2A, respectively. CuZnSOD protein level was low at E18, increasing to 60% of P21 level at P1 (p Ͻ 0.05), with a subsequent steady increase to P21 control. In contrast, MnSOD protein level was higher at E18 than P21 with peak expression at P7, then a decrease to the P21 control. Total SOD (CuZn-SOD and MnSOD) activity was highest at E18 and P1, with a subsequent decline of 50% at P4 and a continued downward trend to P21. Although an increasing trend is demonstrated between E 18 and P1, this was not statistically significant. SOD activity at E18 was 2-fold and at P1, 3-fold higher than P21 control. MnSOD activity paralleled changes in total SOD activity. CuZnSOD activity was significantly increased at E18 then declined at P1 to the P21 level (p Ͻ 0.05), remaining low at all postnatal ages (Fig. 2B) .
RESULTS
Protein levels for catalase were also high at E18 and remained elevated above the P21 level throughout development (Fig. 3A) . Catalase enzyme activity at E18 was 50% of P1 (p Ͻ 0.001), and P1 was 70% of P21 activity. There was a slight decline at P4, followed by a steady increase to P21 control level (Fig. 3B) .
Quantitation of brain GPx protein levels (Fig. 4A ) was low at E18 and remained low until P4, followed by a 2-fold increase at P7, steadily increasing to the P21 level. GPx activity was initially low at E18, increasing 3-fold at P1 (p Ͻ 0.001), then declined at P4 and P21 by 50 and 66%, respectively. Fetal GPx activity was comparable to P14 and P21 levels; however, GPx activity at P4 and P7 was twice that of P21. Selenium-dependent GPx activity represented more than 50% of total GPx activity except at P1, when the nonseleniumdependent fraction showed a significant increase (p Ͻ 0.001). Selenium-dependent GPx activity paralleled total GPx activity at all ages except P21, when it represented only 25% of total GPx activity (Fig. 4B) .
Reduced GSH level (Fig. 4 ) increased 1.5-fold between E18 and P1 (p Ͻ 0.01), with a further 25% increase between P1 and P21 control.
In summary, developmental changes shown in the perinatal and neonatal periods were 1) CuZnSOD and GPx protein levels were low at E18 and P1, at approximately 40 to 70% below P21 level; 2) MnSOD and catalase protein levels were high at E18 and P1, at approximately 25 to 50% above P21 level; 3) total SOD activity was high at E18 (2-fold increase) and P1 (3-fold increase) compared with P21, and total SOD activity paralleled the elevated MnSOD activity, whereas CuZnSOD activity remained low at all developmental ages; 4) catalase activity doubled from E18 to P1; 5) GPx activity was low at E18, with levels comparable to P21, but a 3-fold increase was noted at P1; and 6) reduced GSH level showed a 1.5-fold increase between E18 and P1.
DISCUSSION
The current study was designed to determine the protein levels of the antioxidant enzymes and their corresponding enzyme activity throughout development from late fetal to early adulthood. The developmental changes in antioxidant enzyme activity in the postnatal rat brain have been previously described in relation to their subcellular localization using pooled homogenates at various ages (12) . We hypothesized that the endogenous neuronal antioxidant defense system, which includes the SODs and GSH system, is developmentally regulated. Our data suggest that the antioxidant system may play a protective role during ontogeny, especially in the perinatal and neonatal periods when there is increased intracellular generation of ROS in response to changes in oxygen tension, leading to compensatory up-regulation of antioxidant protein levels and enzyme activities. This supports the view that there is a similar preparation for birth in the newborn brain as has been shown in the lung (13) and liver (14, 15), inasmuch as Values are expressed as mean Ϯ SEM for each developmental age (n ϭ 12). * p Ͻ 0.01 and ** p Ͻ 0.001 compared with P21 control.
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birth is associated with significant oxidative stress and ROS generation (14) as a result of higher arterial oxygen content in the various organ systems, together with increased metabolism in the newborn as many organs assume a primary metabolic role with fetoplacental separation. It has been shown that neuronal mitochondrial maturation takes place immediately after birth, probably in relation to the increase in PaO 2 that occurs as the fetus moves from a relatively hypoxic intrauterine milieu (PaO 2 , 25 mm Hg) to the extrauterine environment (16, 17) . Maturation results in oxidative stress as neuronal mitochondrial metabolism increases in response to the availability of higher PaO 2 postnatally. The mitochondria provide ATP for cellular homeostasis via oxidative phosphorylation and the electron transport chain under normal physiologic conditions and through these processes generate ROS in vivo. The resulting ROS production is compensated for by up-regulation of MnSOD at the site of its production, thereby aiding elimination, with continued maintenance of cellular homeostasis and cell membrane integrity.
GSH and all antioxidant enzymes except GPx demonstrated an increase in protein levels in late gestation and newborn periods. However, changes in protein concentration were not Figure 1 . A, densitometric quantitation assessing brain CuZnSOD protein level at E18, P1, P4, P7, P14, and P21 (n ϭ 6 for each developmental age). *p Ͻ 0.05 and **p Ͻ 0.001 compared with P21 control. #p Ͻ 0.05 compared with E18. B, densitometric quantitation of brain MnSOD protein level at E18, P1, P4, P7, P14, and P21 (n ϭ 6 for each developmental age). *p Ͻ 0.01 and **p Ͻ 0.001 compared with P21 control. ##p Ͻ 0.02 compared with P7. C, total SOD, CuZnSOD, and MnSOD activities (U/mg of protein). *p Ͻ 0.05 and **p Ͻ 0.001 compared with P21 control. #p Ͻ 0.05 compared with E18. Values are expressed as mean ϩ SEM. Figure 2 . A, densitometric quantitation of brain catalase protein level at E18, P1, P4, P7, P14, and P21 (n ϭ 6 for each developmental age). *p Ͻ 0.05 and **p Ͻ 0.001 compared with P21 control. ##p Ͻ 0.05 compared with P7. B, catalase activity (U/mg of protein) was measured using the enzymatic decomposition of hydrogen peroxide and absorbance measured at 260 nm. *p Ͻ 0.05 and **p Ͻ 0.001 compared with P21 control. #p Ͻ 0.001 compared with E18. Values are expressed as mean ϩ SEM. 80 always paralleled by corresponding changes in activity. Despite a lack of surge in protein levels, GPx activity increased almost 3-fold at 1 d of age. GPx is a selenium-containing enzyme, and selenium-dependent GPx is thought to represent the active fraction of the enzyme, whereas nonseleniumdependent GPx is normally quiescent in most tissues, where levels are usually one fourth of total activity although some variation has been found among species (18) . However, Figure  3B demonstrates that the nonselenium-dependent fraction (total GPx activity Ϫ selenium-dependent activity) in our study made up Ͼ50% of the total GPx activity, which is approximately twice that found in many other tissues. The discrepancy between protein level and activity may be related to the activity of the nonselenium-dependent fraction of GPx, which reacts with H 2 O 2 only at high concentrations (19) and therefore may play an important role in protecting the brain from oxidative stress. It is also interesting that although there was a surge in total SOD activity in late gestation and newborn periods, this was caused mainly by increased MnSOD activity, whereas CuZnSOD activity remained relatively constant throughout development, except at P1 when a significant decline was noted. The discrepancy between CuZnSOD protein and enzyme activity is perhaps related to posttranslational modification. The activity of CuZnSOD requires copper. To limit spontaneous Fenton-type reactions, copper availability is limited to very low levels in vivo, and delivery of copper to this enzyme is the task of the copper chaperone for SOD (20) . Thus, it is possible that expression of the copper chaperone for SOD is developmentally regulated with consequent modulation of CuZnSOD activity. However, further studies will be required to examine this possibility. In general, our current findings support the view of Mavelli et al. (12) that enzyme activities of SOD, catalase, and GPx do not uniformly parallel the development of aerobic metabolism during postnatal maturation. Generally, it is not surprising that MnSOD and catalase protein levels and activities are high in the brain as this is one of the tissues recognized for its high peroxisomal content, and mitochondrial MnSOD protein and enzyme activity parallels peroxisomal activity. On the other hand, cytosolic CuZn-SOD and GPx, although expressed at substantial levels, do not appear to be the main line of defense in the perinatal and neonatal periods. Teleologically, the newborn brain, like the liver (21) and endocrine system (22), appears to be primed physiologically for the surge in oxygen tension at birth by the up-regulation of the antioxidant system. We have further demonstrated that the cytosolic enzymes CuZnSOD and GPx show a steady increase from late fetal life to adulthood, with a significant increase noted between P7 and P14. It has previously been shown that increased oxygen free radicals are produced during the developmental process, especially during the period of myelination and synaptogenesis, which occurs at approximately 10 -14 d in the mouse brain. Our results show a compensatory increase in cytosolic antioxidant enzyme protein levels between P7 and P14 to meet the metabolic demands that result in free radical generation. Surprisingly however, Mn-SOD and catalase, present in the energy-producing organelles Figure 3 . A, densitometric quantitation of brain GPx protein level at E18, P1, P4, P7, P14, and P21 (n ϭ 6 for each developmental age). *p Ͻ 0.01 and **p Ͻ 0.001 compared with P21 control. ##p Ͻ 0.01compared with P7. B, total and selenium-dependent GPx activity (U/mg of protein) was measured spectrophotometrically at 340 nm using the rate of NADPH oxidation. *p Ͻ 0.05 and **p Ͻ 0.001 compared with P21 control. #p Ͻ 0.001 compared with E18. Values are expressed as mean ϩ SEM. 
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DEVELOPMENT AND CNS ANTIOXIDANT ENZYMES of neuronal cells, display significantly decreased protein levels during this period of enhanced neural activity. This may be related to the role of uncoupling proteins in the mitochondria (23) , which, by their interaction with SOD, may contribute to decreasing the concentration of ROS within the mitochondria as a feedback response to ROS production by the electron transport chain. This pathway appears to be functional at later developmental ages. Furthermore, catalase activity shows a steady increase to P21 value despite a decline in protein levels. The lower activities and higher protein levels at earlier developmental ages may be related to the fact that catalase may be dependent on a cofactor for activation, which may itself be developmentally regulated with low levels at earlier ages. As aging progresses beyond young adulthood, studies have shown a reduction in total antioxidant reserve and efficiency of the normally protective endogenous defense system throughout later life (22, 24, 25) . Neuronal cells therefore become more vulnerable to acute oxidative injury, and this contributes to the deleterious effect seen in older, more mature brains exposed to traumatic or ischemic brain injury. As the antioxidant reserve becomes depleted, the brain is especially vulnerable to oxidative stress because of its high oxidative metabolism using glucose and ATP as substrates. This vulnerability stems from its dependence on a constant exogenous supply of glucose and endogenously generated ATP, both of which are quickly depleted in response to various causes of brain injury, all of which involve pathways leading to free radical production.
Our data complement the results of others who have suggested attenuation of the effects of oxidative stress caused by ROS generation in the newborn brain over a variable period of time because of the total antioxidant reserve in both the white and gray matter of the brain (26) . Nevertheless, the antioxidant system will eventually be overwhelmed if the cerebral insult is sustained for a long period, as may occur in hypoxia-ischemia of the newborn.
CONCLUSIONS
In conclusion, we suggest that, as the fetus moves from an in utero hypoxic to a relatively hyperoxic environment, with an approximately 4-fold elevation in oxygen concentration, the developmental changes in perinatal brain antioxidant enzymes are compensatory mechanisms aimed at protecting the newborn brain from oxidative stress.
